We report on the development and characterization of supramolecular assemblies of amphiphiles which are able to transduce changes of pH into optical signals. A series of assemblies have been investigated, including vesicular bilayer lipid membranes, monolayer films of fatty acids or phospholipids at the air-water interface, and covalently immobilized alkylsilane monolayers. In all cases, these membrane assemblies were formed from mixtures of species having zwitterionic and ionizable headgroups. In addition, a small amount of the fluorescently labeled phospholipid nitrobenzoxadiazole phosphatidylethanolamine (1 -3%) was incorporated into the membranes. This resulted in systems which were able to transduce alterations of pH into changes in fluorescence intensity. Investigations into the physical mechanism responsible for alterations of fluorescence intensity from such membranes suggested that the nitrobenzoxadiazole phosphatidylethanolamine (NBD-PE) signal was based on changes of self-quenching of the probe which occurred when the physical and electrostatic characteristics of the membranes were altered. Useful signals were obtained only when microscopic phase separation existed within the membranes, indicating that careful design of the membrane was required to optimize the signal generated.
The development of reliable biosensor devices is one of the major challenges in the field of analytical chemistry. These devices generally consist of a biological recognition element such as an antibody or enzyme interfaced to a physical transducer that converts a protein-ligand binding event into an analytical signal. 1 A transduction strategy which we have developed over the past several years involves monitoring the changes in emission intensity resulting from a perturbation of the physical or electrostatic structure of a monolayer of phospholipids or fatty acids containing the fluorescent probe nitrobenzoxadiazole phosphatidylethanolamine (NBD-PE). [2] [3] [4] There are several advantages which may be realized by using an artificial assembly of phospholipids or fatty acids for the transduction of selective protein-ligand interactions. Firstly, an amplification may be realized in a fluorescence based transduction strategy if a small amount of analyte can induce a large structural change, such as a phase transition, within the membrane. 5 Secondly, membranes may provide a fluid matrix which is both chemically and physically similar to that of the proteins in a natural biological environment. 6 This may result in maintenance of the binding activity and lifetime of the proteins. Finally, the membrane may act as a generic transducer for many different types of selective "receptors", provided that the "receptor" can associate with the membrane and can cause perturbation of the membrane structure upon interaction with an analyte. This last point has been demonstrated, since reactions of enzyme with substrate 7 , antibody with antigen 8 , and molecular receptor with antagonist 9 have all been transduced into measurable optical signals using fluorescently labeled membranes.
In general, two types of membrane structures are investigated by fluorescence techniques: monolayers and vesicular bilayer lipid membranes. Vesicles are useful for experiments involving the measurement of fluorescence intensity, wavelength, or lifetime from membranes. 10 Such measurements have provided evidence that the structure of membranes may be modulated by interactions involving enzyme-substrate and molecular receptor-agonist pairs. 9 Monolayer membranes allow for the study of the phase behavior of specific lipid compositions through the use of pressure-area isotherms 11 and fluorescence microscopy. 12 Fluorescence microscopy has provided evidence of co-existence of a number of phases within monolayers. The size, shape, and distribution of these phases are dependent on a number of variables that include pH, pres-sure, temperature, ionic strength, and chemical composition. [13] [14] [15] These phase structures are also sensitive to selective biochemical reactions such as those between enzymes and substrates 7 , and antibodies and antigens. 8, 16 An additional advantage of monolayer membranes is that they can be transferred onto solid supports by the conventional Langmuir-Blodgett method 17 , or can be created by self-assembly of alkylsilanes onto hydroxylated surfaces. 18, 19 This indicates that membrane assemblies can be interfaced with physical devices such as planar waveguides or optical fibers, allowing excitation of fluorescence by the evanescent wave associated with total internal reflection. 20 Optimization of the analytical signal generated by membrane-based transducers requires careful control of numerous parameters, including the type and ratio of amphiphiles used (i.e., lipids or fatty acids), the charge on the headgroup of the amphiphiles, the acyl chain length and degree of unsaturation, the physical state of the assembly (phase and phase distribution) and the distribution of the fluorescent probe. 21, 22 In this report, we describe the influence of each of these parameters on the magnitude of the analytical signal generated by membrane assemblies. A model perturbation involving the response of the fluorescence signal to transient changes in pH was examined, since this has direct bearing on the ability of such assemblies to transduce numerous enzyme-substrate reactions. A series of assemblies have been investigated, including monolayer films of fatty acids or phospholipids at the air-water interface, vesicular bilayer lipid membranes, and covalently immobilized alkylsilane monolayers. It is shown that both a significant degree of ionizable headgroups and microscopic phase separation within the membranes is required for optimal signal development.
Experimental

Chemicals
The phospholipids dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidic acid (DPPA), egg phosphatidylcholine (egg-PC), egg phosphatidic acid (egg-PA), and the fluorescently labeled phospholipid N-(7-nitroben-2-oxa-1,3-diazol-4-yl)dipalmitoylphosphatidylethanolamine (NBD-PE) were purchased from Avanti Polar Lipids (Birmingham, AL) and were used without further purification. Stearic acid purchased from BDH (Toronto, ON). 16-Hydroxy-hexadecanoic acid, chloroplatinic acid and dimethyldichlorosilane were purchased from Aldrich Chemical Company (Milwaukee, WI). All other chemicals were of reagent grade. The quartz wafers and silicon wafers were purchased from Heraeus-Amersil Inc. (Sayerville, NJ).
Equipment
The fluorescence microscope which was used for investigations of floating monolayers, dipcast monolayers and covalently immobilized membranes has been described previously. 7, 23 Fluorescence studies of vesicular suspensions were done with a fiber-optic spectrofluorometer which is described in detail elsewhere. 24 Fluorescence intensities are reported as relative values because several experimental variables, such as laser intensity, optical alignment, and PMT gain, were beyond accurate control from day to day.
Procedures Preparation and use of vesicles.
All vesicle experiments were done using a mixture of egg-PC with egg PA, or DPPC with DPPA. The mole ratio of PA in the vesicles was varied from 0 to 1 by adding appropriate volumes of stock lipid solutions in a 3:1 hexane:ethanol solvent system to a vial. An appropriate volume of a 1 mg ml -1 stock solution of NBD-PE in ethanol was incorporated to yield a final concentration of 1 mol% with respect to the total lipid concentration. The solvent was removed by evaporation under a stream of nitrogen. A buffer solution (0.1 M KCl, pH adjusted to 7.4) was added to the residual lipid, and the resulting solution was sonicated for 12 -15 min at room temperature (21 ± 1˚C) using the VC 250 Sonicator set at 40 W (power level of 3, 50% duty cycle) and fitted with a microtip. All spectral analyses were done at room temperature. A series of sample, background, and reference curves were obtained during each experiment using the buffer solution as the background and a 1×10 -6 M solution of fluorescein in KOH as the reference. Subtraction of the background from both the sample and reference curves followed by division of the sample spectrum by the reference spectrum eliminated any fluctuation or drift in the shape or baseline of the spectra which may have resulted from changes in intensity or pulse duration of the laser. All intensity values reported from vesicles were obtained by integration of the fluorescence spectra from 500 nm to 650 nm.
Preparation and use of monolayers.
Phospholipid mixtures consisting of stearic acid, egg-PC/egg-PA or DPPC/DPPA at different ratios were dissolved at a concentration of 0.2 mg ml -1 in a 3+1 (v/v) chloroformmethanol solvent system. An appropriate volume of a stock solution of 1 mg ml -1 NBD-PE in ethanol was incorporated into the lipid solution to provide a final concentration of 1 mol% with respect to the total lipid concentration. Monolayers were formed on the Lauda film balance on a subphase consisting of 1100 ml of degassed 0.1 M KCl solution adjusted to pH 7.4 with 0.1 M NaOH (or 0.1 M HCl) at room temperature. A total volume of 480 µl of the lipid solution or 140 µl of the stearic acid solution was deposited from a microsyringe onto the subphase of a fully expanded trough (area 1000 cm 2 ), allowing each drop to spread before the addition of the next. 14 The solvent was left to evaporate over a period of 30 min after which the monolayer was compressed and expanded repeatedly at a rate of 15 cm 2 min -1 until reproducible pressure-area isotherms were obtained. Fluorescence microscope images were
Results and Discussion
Examination of vesicular membranes
A solution of vesicles containing 1 mol% NBD-PE was prepared using mixtures of egg-PC/egg-PA, or DPPC:DPPA. Figure 1 shows a typical fluorescence response to the addition of 100 µl of 0.1 M HCl to the vesicle suspension. Table 1 shows the relative responses obtained upon addition of acid to vesicles with different lipid compositions. In all cases, the addition of acid produced transient increases in fluorescence intensity. These changes in fluorescence intensity have previousaccumulated from stationary monolayers at a pressure of 25 mN m -1 . Single video frames were grabbed from a video signal of 30 frames s -1 . Fluorescence intensity measurements were obtained during compression as well as from stationary monolayers during the addition of reagents. Generally, either acid or base was added in 100 µl aliquots to the subphase at a point just beneath the microscope objective. A pH meter was also present to monitor transient changes of pH in the vicinity of the microscope objective. All enhancements of fluorescence intensity that are reported herein are averaged over five trials.
Studies of dipcast monolayers
Quartz wafers were cleaned and silanated as described elsewhere. 23 Deposition of stearic acid onto quartz wafers was performed using the LangmuirBlodgett deposition technique. Wafers were mounted onto an electronically controlled vertical arm and were oriented perpendicular to the air-water interface. The wafers were dipped through the monolayer at a rate of 2.5 mm min -1 , at various surface pressures between 15 and 35 mN m -1 . Following deposition the wafer was placed in a Petri dish which was situated at the bottom of the trough to avoid exposure of the wafer to air. Dipcast monolayers were kept submerged in aqueous subphase at all times following deposition to avoid disruption of the deposited monolayer.
The dipcast wafers were placed in a Petri dish which was filled with 100 ml of subphase solution. A small magnetic stirring bar was inserted and the dish was placed on a magnetic stirrer base which was situated under the objective lens of the fluorescence microscope. A pH electrode was inserted into the subphase as closely as possible to the image field to provide concurrent measurement of pH and fluorescence intensity. Wafers were titrated using 0.1 M HCl or 0.1 M NaOH which was added to the Petri dish in 10 µl aliquots with a microsyringe.
Studies of covalently immobilized membranes
The procedures for preparation of covalently immobilized membranes which contained C-16 carboxylic acid moieties has been described in detail previously. 25 Briefly, preparation of carboxylic acid membranes began with 16-hydroxyhexadecanoic acid which was converted to the methyl ester and was then reacted with dimethyldichlorosilane. The silylated species was dissolved in toluene and a quartz wafer was suspended in this solution for a period of 3 h. The immobilized ester was converted back to the carboxylic acid by reduction with lithium iodide. NBD-PE was partitioned into the membrane from an aqueous suspension at a pH of 7.4 and a temperature of 4˚C, as described previously. 25 The procedure used for titration of covalently immobilized membranes was identical to that described above for dipcast monolayers. ly been shown to be the result of a change in the structure of the membrane which caused a redistribution of the NBD-PE, and produced changes in the extent of self-quenching of the dye. 9 Two trends are immediately obvious from Table 1 . First, the magnitude of the fluorescence signal change for egg-PC/egg-PA systems is generally smaller than that observed for DPPC/DPPA systems. Second, alterations in the ratio of PC to PA headgroups cause changes in the signal magnitude. Interestingly, increases in the ratio of PA in the egg-PC/egg-PA system appear to have only a small effect on the signal generated upon addition of acid. On the other hand, increases in the ratio of PA in DPPC/DPPA systems produces a significant increase in the sensitivity to addition of acid. These results indicate that the mole fraction of ionizable headgroups within the membranes is not the primary factor affecting the signal magnitude. Instead, the ratio of PA within the DPPC/DPPA systems appears to control a second parameter such as the structure of the membrane (i.e., phase or phase distribution), causing an overall enhancement in the analytical signal.
Floating monolayers
To further investigate the role of headgroup ionization on the structure and analytical utility of membranes, we investigated both the microscopic structure and the analytical responses of several different membranes which were formed as monolayers at the air-water interface of a Langmuir film-balance. The systems studied included egg-PC/egg-PA mixtures, DPPC/DPPA mixtures, and stearic acid which was studied to provide a comparison of lipids to fatty acids. Figures 2A and B show typical fluorescence responses upon addition of acid to a DPPC/DPPA (7:3) monolayer, and a stearic acid monolayer, respectively. Both monolayers contained 1 mol% of NBD-PE. The relative responses at different loadings of PA are shown in Table 2 for the addition of acid to egg-PC/egg-PA and DPPC/DPPA monolayers. The response for stearic acid is also included. Three points merit special attention. First, the DPPC/DPPA systems were once again much more sensitive to the addition of acid compared to the egg-PC/egg-PA systems. Second, a substantial percentage of ionizable headgroups were required to obtain a useful analytical signal; however, the trend of improved signal with increasing level of DPPA was not as apparent as in the case of vesicles. Third, the monolayer of stearic acid was at least twice as sensitive as the optimal DPPC/DPPA system, suggesting that fatty acids were better able to transduce changes in pH into alterations in fluorescence intensity.
Two experiments were done to further investigate the lipid and fatty acid systems. First, images of the monolayers were obtained to investigate microscopic structures. Representative images of 7:3 egg-PC/egg-PA, 7:3 DPPC/DPPA and stearic acid monolayers containing 1 mol% NBD-PE and at a pressure of 40 mN m -1 are shown in Fig. 3 . The images of egg-PC/egg-PA monolayers showed an absence of microscopic phase structure for all PC/PA compositions and at all lateral surface pressures. This is consistent with a homogeneous mixing of the two lipids resulting from the mixture of acyl chains, which vary in both length and degree of unsaturation. Fluorescence images of DPPC/DPPA monolayers and stearic acid monolayers showed the presence of microscopic phase domains on the scale of 5 µm to 100 µm in diameter. These heterogeneous phase distributions were obtained for all DPPC/DPPA ratios examined, although the proportion of higher and lower order phases varied with surface pressure. Generally, the monolayers showed dark regions which represented highly ordered phases surrounded by bright areas which represented phases of lower order. 13, 15 At 40 mN m -1 , the dark regions are likely the gel phase, while lighter regions are the liquid crystalline phase. The images indicate that homogeneous acyl chain distributions are required to produce 144 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 Table 2 Percentage increase in fluorescence intensity upon addition of acid to egg-PC/egg-PA, DPPC/DPPA and stearic acid monolayers at 40 mN m -1 (all monolayers contain 1 mol-% NBD-PE) microscopic phase structures, likely owing to the ability of such chains to tightly pack such that higher order phases are produced.
The second experiment involved measurement of the normalized fluorescence intensity (i.e., fluorescence per molecule or relative quantum yield) during compression of a monolayer. Figure 4 shows the changes in normalized intensity during compression of 7:3 egg-PC/egg-PA, 7:3 DPPC/DPPA and stearic acid monolayers containing 1 mol% NBD-PE. In all cases, the intensity obtained from a fully expanded monolayer has been normalized to a value of unity. These results clearly show that the changes in NBD-PE intensity are greatest during compression of stearic acid monolayers, followed by 7:3 DPPC/DPPA and then egg-PC/egg-PA.
This trend is in agreement with the changes in fluorescence intensity obtained during addition of acid to floating monolayers. Hence, it is likely that alterations in the microscopic phase distribution within the DPPC/DPPA and stearic acid monolayers are the basis for the fluorescence response to pH changes. The decreases in relative intensity with increasing local concentration of NBD-PE indicated that changes in fluorescence intensity were due to self-quenching of the fluorophore, in agreement with the studies of NBD-PE in vesicles.
Dipcast monolayers
Based on the higher sensitivity of stearic acid monolayers to changes of pH, stearic acid was chosen for a study of the sensitivity of dip-cast monolayers to changes of pH. Previous studies also suggested that the dip-cast monolayers formed from stearic acid were more stable than those formed from mixtures of phospholipids. 3 Stearic acid monolayers containing 1 mol% of NBD-PE were deposited directly from the air-water interface onto silanated quartz wafers. Dipcasting was initially done at pressures of 15, 20, 25, 30, and 35 mN m -1 to determine which pressure would provide the most stable and reproducibly transferred membrane. A transfer ratio of 1:1 was obtained at each pressure, providing evidence that deposition was successful. The quartz wafers onto which monolayers had been deposited were kept immersed in subphase solution at all times to avoid disruption of the deposited monolayer which would occur upon passage of the wafer through the air-water interface.
The deposited monolayers were imaged using the fluorescence microscope to investigate the structures pre- sent on the wafers. In all cases, the images showed that the structure of the monolayer at the air-water interface was retained upon dipcasting. All images showed the presence of light and dark regions which were consistent with microscopic phase separation. As the dipcasting pressure was increased, the structure was observed to evolve in a manner which was consistent with the growth of a condensed phase within a more fluid phase. At a pressure of 35 mN m -1 well defined gel network regions were formed within a liquid crystalline phase. A pressure of 35 mN m -1 was chosen for most pH titrations owing to the higher reproducibility of the transfer ratio and phase separation which was evident from the images obtained from these layers.
The pH response of stabilized monolayers was investigated by doing pH titrations from basic to acidic and then acidic to basic conditions. For all samples tested, a decrease in pH resulted in a decrease in fluorescence intensity. A typical titration curve is shown in Fig. 5 for stearic acid containing 1 mol% NBD-PE dipcast at a pressure of 35 mN m -1 . The fluorescence intensity decreased almost linearly over the pH range between 8.0 and 3.0 for most titrations. Increasing the pH gave the opposite response with respect to optical emission, demonstrating that the transduction of pH was reversible. The lack of a conventional sigmoidal titration curve suggests that the response of fluorescence intensity to changes of pH may have involved a distribution of distinct endpoints based on a distribution of headgroup pK a values in the different phases of the dipcast monolayer. 26, 27 To substantiate the role of the acidic headgroups associated with stabilized membranes in the fluorescence response to changes in pH, titrations were also done using samples which did not contain ionizable headgroups. These included blank quartz wafers with or without adsorbed NBD-PE, and OTS coated quartz wafers with and without adsorbed NBD-PE. None of these samples showed any response to dynamic changes of pH. This suggests that the NBD-PE probe was not directly sensitive to changes in pH, and that the acidic headgroups of the stearic acid were in some way modulating the fluorescence response to pH changes.
The pH response of the dipcast monolayers showed three major differences compared to the pH response of stearic acid at the air-water interface. Firstly, the addition of acid resulted in a permanent change in intensity rather than a transient change. Secondly, the total change in intensity from deposited monolayers (1.25-fold change) was much smaller than was obtained from addition of acid to monolayers (3-fold change) or compression of floating monolayers (40-fold change). Thirdly, the response was opposite to that obtained for dynamic addition of HCl to stearic acid monolayers at the air-water interface, suggesting that the physical forces responsible for fluorescence responses from the stabilized membrane were likely quite different from those at the air-water interface.
The immobilization of stearic acid monolayers was a major step forward in realizing a portable transducer based on membrane technology. However, a serious disadvantage of the dipcast monolayers was that the microscopic structure of the monolayers changed dramatically over the course of a pH titration which involved stirring as a result of mechanical destabilization. In addition, a complete loss of the fluorescence sensitivity to changes of pH occurred over a period of days, severely limiting practical application of dipcast monolayers of fatty acids. This led us to investigate the potential of covalently immobilized fatty acid membranes as practical transducers.
Covalently immobilized membranes
Covalently immobilized membranes were prepared by previously published methods and were characterized by X-ray photoelectron spectroscopy and ellipsometry to determine the surface coverage and average thickness of the stabilized membranes. XPS studies verified the existence of the C-16 fatty acid bonded to the quartz through a dimethylsilane linkage. Ellipsometry of monolayers which were deposited onto silicon wafers showed the C-16 fatty acid monolayers to be 2.8±0.1 nm thick (assuming an index of refraction of 1.5, 28 which is consistent with the theoretical thickness values of these two monolayers.
The covalently immobilized membranes did not originally contain any fluorescent species and therefore NBD-PE was incorporated from an aqueous suspension into the hydrophobic membrane over a period of 24 h. Incorporation was based on partitioning from a polar to a non-polar environment. Interactions between the NBD-PE vesicles and the membrane resulted in the 146 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 acyl chains of the NBD-PE inserting into spaces of low packing density in the immobilized membrane by membrane fusion. 29 Fluorescence microscopy was used to study immobilized membranes on planar wafers. Images of fluorescently doped CIMs, such as those shown in Fig. 6 , indicated that the fluorophore was present at the surface of the wafers with microscopic structures similar to those observed from stearic acid monolayers prepared by the Langmuir-Blodgett dipcasting method. This indicated that heterogeneous membrane structures could be prepared with incorporated fluorescent probes via the covalent attachment of alkylsilane species to quartz.
Titrations of the covalently immobilized membranes which were doped with NBD-PE revealed fluorescence responses to changes of pH. The fluorescence intensity from the covalently immobilized C-16 carboxylic acid membrane which was immobilized onto a planar quartz wafer decreased linearly as pH was decreased from 9.0 to 4.0. Increases in pH resulted in a recovery of the fluorescence intensity, as shown in Fig. 7 . This response was similar both in magnitude and direction when compared to the signals observed from dipcast stearic acid monolayers, suggesting that the fluorescent probe and covalently immobilized molecules had sufficient mobility to transduce changes of pH. Signal evolution was rapid and a final intensity was reached in under 10 s for all additions of acid or base.
Interestingly, fluorescence microscopy showed that no microscopic changes in structure occurred during the titrations of CIMs when compared to the pre-titration images. Even after months, the fluorescence images and the pH sensitivity of the aged samples were comparable to fresh samples, indicating that such systems showed long-term stability. This indicated that such systems would be appropriate as optical transducers for biosensor development. This has recently been demonstrated using both the acetylcholinesteraseacetylcholine and urease-urea interactions as models.
Mechanism of response
For both floating and dipcast monolayers, a decrease in pH will lead to a decrease in the extent of ionization of the headgroups. This in turn will cause a reduction of the mutual electrostatic repulsions between the headgroups. For floating monolayers, it is known that decrease in headgroup-headgroup repulsion can result in a net decrease of the lateral pressure of the monolayer (at constant molecular area). Using an apparent pK a value of 6.0 for the fatty acid monolayer 29 , the average charge per molecule in the membrane decreases from 0.95 to 0.05 as the pH is changed from 9.0 to 4.0. 29 The reduction of the mutual electrostatic repulsions between the headgroups and the alteration of headgroup structure as a result of protonation would be expected to affect the structure of the hydrogen-bond network between headgroups and the structure of the hydration layer. 30 The decrease in headgroup-headgroup repulsion would also be expected to result in a net decrease of the lateral pressure of the monolayer (at a fixed molecular area). Using the Gouy-ChapmanStern theory 29 , the magnitude of the decrease in surface pressure which could be expected upon protonation of a stearic acid monolayer was calculated. The results suggested that the surface pressure should decrease by about 9 mN m -1 upon adjusting the pH from a value of 9.0 to a value of 4.0.
In the case of floating monolayers, the area occupied by a monolayer at the air-water interface was fixed by the sweep boom of the film balance, and did not change as a result of alterations of headgroup electrostatics and lateral surface pressure. However, the decrease in the surface pressure of the floating monolayer would likely result in a "melting" of the monolayer, producing a greater proportion of fluid phase at the expense of the condensed phase. In such a case, the area into which 147 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 the NBD-PE could partition would increase, reducing the local concentration of the probe and relieving the self-quenching. Hence, an increase in fluorescence was observed. For deposited or covalently immobilized monolayers the lack of significant translational mobility suggests that a reduction in surface charge may not be able to produce a large change in either surface pressure or area per molecule. This suggestion is supported by measurements of fluorescence recovery after photobleaching (FRAP), which yielded a diffusion coefficient of less than 1×10 -15 m 2 min -1 for NBD-PE in dipcast monolayers, indicating that the probe is unable to undergo significant translational motion over the time scale of signal evolution upon changing the pH (10 s). However, the electrostatic interactions between headgroups would certainly be reduced, and this in turn may cause alterations in membrane dynamic motions such as lipid rotational or translational motions. It has been shown that the emission intensity of NBD-PE is strongly influenced by changes in the local concentration of the probe resulting from alterations in the extent of self-quenching. Self-quenching of NBD-PE was shown to be based on a combination of static quenching by formation of dimers or aggregates of NBD-PE, and Förster energy transfer to the aggregates, which acted as statistical trap-sites. 31 Increases in either the efficiency of Förster energy transfer or the number of trap-sites will result in increases in self-quenching and therefore a decrease in fluorescence intensity.
Alterations of electrostatic repulsions would be expected to cause changes in the rotational mobility of the membrane. The rotational mobility of ionized headgroups is likely restricted by electrostatic repulsions between headgroups, resulting in a restricted "cone of rotation" for the charged amphiphile and fluorophore molecules (assuming that the ends which are anchored to the glass are immobile, and only the headgroups can therefore move). Neutralization of the headgroups reduces the repulsive interactions between headgroups, resulting in an increase in the volume of the rotational cone and an increase in the rotational mobility. The changes in rotational mobility can produce corresponding changes in the fluorescence intensity of NBD-PE based on alterations of self-quenching efficiency. Changes of self-quenching are controlled both by the probability of trap-site formation and the probability of energy migration to a trap, both of which increase as distance decreases.
For membranes which are dynamic in terms of rotational mobility, changes of self-quenching should occur if the NBD-PE molecules approach to within a distance of R c (the critical distance for formation of a trap site. 31 As the rotational mobility increases, the headgroups of the individual amphiphiles and the NBD-PE begin to sweep out a greater area on the surface, and therefore the NBD moieties can approach to within a shorter distance of one another. Given the average distance between the NBD-PE moieties, both the probability of trap-site formation and the probability of excitation energy transfer to trap-sites increases, causing increases in self-quenching and decreases in fluorescence intensity. Thus the neutralization of the headgroup should result in decreases in fluorescence intensity, as observed for the dipcast stearic acid monolayers. Hence, it is likely that the mechanism of the fluorescence change (i.e., alterations of self-quenching) is similar for both floating and immobilized monolayers. However, the way the membrane responds to changes of headgroup ionization are quite different, resulting in tremendous differences in the fluorescence signals observed.
